We describe a history of physics course, cotaught by a physicist and a historian of physics, on the quantum and relativity revolutions in the early part of the 20th century. The course has been taught both in Europe as part of a study abroad program and as a regular on-campus course, which could serve as a model for implementation elsewhere. We present some evidence that this course format can favorably influence students' epistemological beliefs and expectations about physics.
I. INTRODUCTION
Most physics instructors hope that introductory courses serve a dual purpose: Teach the basics of a standard physics curriculum ͑e.g., laws of motion, electrostatics, magnetism, etc.͒ and convey an appreciation for the nature of physics, i.e., its way-of-thinking and philosophy. The latter is often called the "hidden curriculum," as these epistemological considerations are rarely if ever made explicit.
It is thus hardly surprising that the epistemological beliefs and expectations of students in introductory physics courses are vastly different from those of their instructors 1 -changes in epistemological beliefs simply do not happen by osmosis, and overall, these beliefs are very persistent. 2, 3 Neglecting the hidden curriculum is particularly unfortunate because students' epistemological beliefs do influence their learning success within the explicit curriculum. [4] [5] [6] However, because the curriculum in introductory physics courses is usually tightly scheduled on a weekly ͑if not daily͒ basis, there is not much time to adequately address these beliefs, though some research-based strategies exist. 7 In this paper, we describe a different approach employing a history of physics course cotaught by the authors, a physicist, and a historian of physics. We taught this course both "on-location" in Europe as a study abroad course and in a more easily replicable on-campus setting. We present some evidence that such a course can favorably impact students' beliefs and expectations about physics. We also suggest how aspects of the course could be transferred to the standard modern physics course.
II. THE SETTING
Lyman Briggs College ͑LBC͒ at Michigan State University is a residential college emphasizing the study of the natural sciences and their impact on society. Within the same college, LBC encompasses both the sciences ͑physics, chemistry, biology, and mathematics͒ and the history, philosophy, and sociology of science. This unique combination offers an easy opportunity to have classes cotaught by faculty from various specialties. With approximately 1500 students, LBC aims to offer the benefits of a small liberal arts college with the resources of a large research university. There are no additional selection criteria for admission to LBC beyond MSU's general requirements. History of physics courses typically have 20-30 students, while the introductory physics courses typically have 250 students. Traditionally, LBC has a high percentage of premedical students because of the focus on life sciences throughout the curriculum.
Students typically take the 200-level introductory physics course in the first through third year, and the history of science courses presented here ͑on the 300 and 400 levels͒ in their second through fourth year. Thus, in the two courses we taught, we had a mix of students who already had, concurrently did, or would be about to take the physics course. In a previous study, it was found that the epistemological beliefs of the student population regarding physics compare very unfavorably to expert physicists' beliefs. 8 We taught the course both abroad in Europe, visiting Munich, Bern, Berlin, Copenhagen, and Göttingen, and the following year as a regular on-campus course. In both cases, students did not self-select into the course based on their preference for physics: The study abroad course was the only one offered during that year, and the on-campus course is a required course for all LBC students with a generic course description. We thus believe that the students in our courses are representative of the general student population in LBC.
III. THE COURSE

A. Course content
The early part of the 20th century saw the most revolutionary advances in physics since the time of Sir Issac Newton. Many of these advances broke loose in the "Annus Mirabilis" of 1905 with four of the most remarkable papers published in the history of physics. Einstein's papers on Brownian motion 9 and the photoelectric effect 10 further established the existence of molecules and introduced the idea of energy quantization, which eventually led to quantum mechanics, and his papers on the electrodynamics of moving bodies, 11 together with the three-page "afterthought" of energy-mass equivalence, 12 introduced relativity. Although it is important to teach university students how the foundations for modern physics were laid, few instructors seriously tackle the challenge. In traditional introductory physics courses, we talk about "Heistenberg uncertainty," "Schrödinger equation," "Bohr model," "Dirac notation," "Bohr-Sommerfeld approximation," but we are just exploiting names and associated ͑often inaccurate͒ anecdotes as pedagogical props to help explain physical concepts. This ahistorical approach is far from remedied by the neat little "history boxes" that many textbooks include, as these small biographies often just propagate a somewhat context-free hero-worshipping view as well as favorite myths such as Newton receiving his instantaneous inspiration from falling fruit, or Einstein doing the same from falling people.
The course had two sections. The first ͑mostly led by the historian of physics͒ employed group work and emphasized student participation that focused on the lives and times of key physicists. The second ͑led mostly by the physicist͒ included physics lectures and demonstrations. In the study abroad course, we frequently also had guest lectures, once again on both history and physics, and we visited available historical sites ͑see, for example, Ref. 13 on how to be a "physical tourist"͒. In the on-campus course, we used some popular DVDs [14] [15] [16] [17] to show locations, as well as photographs taken during the study abroad course. We believe that the combination of teaching the physics material in historical context and teaching the history alongside the physics helps students understand both physics and history.
B. Literature
For the history section, we mostly used biographies, [18] [19] [20] [21] [22] including an excellent "biography" of an imaginary physicist struggling with being left behind by the development of physics during the time period of our course 23 -the biography of the protagonist actually is a collage of several historical physicists dealt with elsewhere in the course.
For the physics portion of the course, we used a translation of Einstein's 1905 papers 24 and Gamow's quirky but charming and informative Thirty Years that Shook Physics.
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C. Assignments and assessment
For the study abroad class, giving assignments while "on the road" was a challenge, as the students did not have access to a university library, did not have their personal computers along, and had only sporadic internet access. We thus decided that essay assignments were due after the return to campus but with the requirement of strongly drawing on experiences during the trip. Students were thus required to keep a journal.
Although the on-campus version of the course naturally lacked the drama and instructive dimensions of "on-location" sights and experiences, it had the advantage that students had easy access to the library and internet resources and could therefore write papers, get feedback, and thus deepen and improve their understanding by doing the assignments as the course proceeded. We also found that it was easier to have focused discussions and to develop themes more systematically in the on-campus course because this version of the class had more classroom time ͑still, some of the "magic" of the summer course translated to the campus course͒.
In both cases, required assignments were as follows.
• A physics essay of about 15 pages with relevant theory, formulas, and illustrations. Suggested topics were as follows. • A book report on one of the other assigned readings [18] [19] [20] [21] [22] • A book report on McCormmach 23 or Gamow 25 • A 12-15 page essay synthesizing the student's learning in the course • On the road: Group presentations based on course assigned book • On the road: Group presentations on German and Danish history As expected, student work was of varying quality, but it was evident that there was no student who had not taken away new knowledge and insights from the course, and overall we were surprised at the depth of interest and quality of introspection.
IV. EXPERIMENTAL AND THEORETICAL PHYSICS
The time period our courses deal with saw the birth of theoretical physics, and for an understanding of the epistemology of physics, it is important to both understand the difference and the interdependence of these branches of physics. Students, unfortunately, mostly know "experiments" from the typical cookbook physics laboratory courses, where either everything works at the push of a button or you complain to the teaching assistant. And equally unfortunately, students have likely never seriously considered the nature of theoretical physics.
During our course, we had the opportunity to explore how experimental and theoretical physics go hand in hand. In the study abroad course, our first introduction was at the Deutsches Museum in Munich, where we were able to see some of the original apparatus relevant to our course, such as the experiment by Hahn, Meitner, and Straßmann ͑Fig. 1͒. Students were struck by the apparent simplicity and haphazard- ness of the setup, as well as by the story of how long it took for the experimental results to be correctly interpreted theoretically.
The Deutsches Museum certainly also has its share of push-button experiments, which, however, were useful for our course, for example, as we discussed blackbody radiation and the photoelectric effect. Planck introduced "his" constant h as an artifact to model blackbody radiation, Einstein made sense of it in 1905, and Planck was far from happy with the development ͑though, as editor of the Annalen der Physik, effectively promoting Einstein's work͒. Einstein himself was not too happy with the course that quantum mechanics took from there and utilized a different kind of experiment in an attempt to show that the standard Copenhagen model is incomplete at best: A "Gedankenexperiment" ͑"thought experiment"͒, a device our students were not very familiar with. As we explored the Bohr-Einstein debates, we discussed some of these thought experiments, for example, the famous photon scale. Interestingly, when we were guests at the Niels Bohr Institute in Copenhagen, we were able to see the mock physical incarnation of the experiment, built by George Gamow ͑Fig. 2͒-the same Gamow that wrote one of the books we used throughout the course.
We extensively discussed other thought experiments that came up throughout the Bohr-Einstein debates, such as Einstein's powder keg, and the even more absurd cat experiment that Schrödinger put forward to drive the Copenhagen model ad absurdum.
Thought experiments may or may not get triggered by the environment. While Newton's apple is certainly a fabrication, being "on-location" made students understand the atmosphere in which new ideas grew. Just a few steps from the Bern patent office is the Einstein-Terrasse, with an expansive view of the main Bern train station. One can imagine how the coming and going of trains would have inspired some of the thought experiments on synchronicity that get mentioned in the electrodynamics of moving bodies paper ͑"If I say some train arrives at 7 o'clock, . . ."͒. 11 And from Einstein's living room, we were able to directly look out to Bern's central clock tower, which initially used to be the authoritative source of the city's local time ͑Fig. 3͒.
V. PERSONALITIES AND STRUGGLES
Seeing the actual personalities behind the ahistorical icons can be a disillusionment, whether one encounters these "luminaries" only through books or also in museum visits. The experience, in both cases, made students appreciate that it is normal mortals with all of their weaknesses and strengths that built physics as we know it today. We spent time attempting to explore the epistemologies of these people. For example, Einstein built a theory based on a small number of postulates, while other physicists, such as Bohr, had a phenomenological approach. Some physicists, such as Heisenberg, were more visionary in their approach, others, such as Born, supported their work through the necessary mathematical underpinnings.
The so-called "Modern Physics" that we are teaching in introductory physics courses is 70 years old; students easily assume that it has always been around, clear-cut, and understood. It came as a surprise to students that as recently as 100 years ago, the concept of atoms was not understood. It was important for us to discuss the personal struggles that led to the emergence of these theories. As students explored the arguments and disagreements between Nobel laureates in physics, it became clearer that physics is an evolving process. For example, a memorable student utterance in one of the sessions was "Bohr and Einstein didn't mind if they were wrong;" while clearly an overstatement ͑they did care͒, it is important to realize that for the sake of overall progress, it is not only tolerated but essential to engage in constructive disagreements.
The struggles quite often were similar to those of the magician's apprentice: Schrödinger developed his wave mechanics as a means to preserve the continuous nature of particles only to learn that his wave mechanics were mathematically equivalent to the discontinuous Heisenberg matrix formalism. Einstein, who built his relativity in part on the postulate of strict causality, was distressed that his very own paper that gave general physical reality to Planck's ad hoc parameter h led to a theory that appeared to defy this requirement. Where do you go when the very physics you discovered takes on a life of its own that contradicts your own epistemology?
VI. INFLUENCE ON STUDENT EPISTEMOLOGY
A. Views and expectations of physics
In previous years of introductory physics courses, we frequently deployed the Maryland Physics Expectations Survey ͑MPEX͒, 1 which gives us baseline data for this course ͑N = 443 for MPEX postsurveys͒. We believe that these data, which remain largely unchanged between pre-and postsurveys, 8 generally reflect the epistemological beliefs of our student population. We deployed a subset of the MPEX in both the study abroad and the on-campus course ͑N =10 and N = 20, respectively͒, where we replaced the words "this course" with "an introductory physics course." We eliminated all statements that were too directly linked to an introductory physics course ͑many from the "effort" cluster͒, e.g., "I go over my class notes carefully to prepare for tests in this course." As indicated in Sec. II, we believe that due to our course scheduling, very little topic-based self-selection determined the enrollment in our courses, and that the enrollment in our courses is thus as representative of the LBC student population as the introductory physics courses. Table I shows the results; differences that are statistically significant on the p Ͻ 0.1 level are denoted by one asterisk, those significant on a p Ͻ 0.01 level by two asterisks.
A "1" on the survey indicates strong disagreement, a "5" strong agreement. The arrows indicate if the difference in the results for our course compares favorably ͑"↑"͒ or unfavorably ͑"↓"͒ to the result in the introductory physics course. Taking "the students' epistemology did not improve in this course" as the null hypothesis, the asterisks indicate the probability that this hypothesis is, in fact, true. Most changes were not significant, with some notable exceptions:
• The statements "Knowledge in physics consists of many pieces of information each of which applies primarily to a specific situation" and "The derivations or proofs of equations in class or in the text has little to do with solving problems or with the skills I need to succeed in intro physics courses" were both rated significantly more favorably in the on-campus section.
• The statements "Learning physics made me change some of my ideas about how the physical world works" and "In an intro physics course, I do not expect to understand equations in an intuitive sense; they must just be taken as givens" were both rated significantly more favorably in the study abroad section. Table I . For each of the MPEX statements, the average ranking on the Likert scale between "1 " = " strongly disagree" and "5 " = " strongly agree" is given for the postsurvey in introductory physics courses ͑N = 443͒, a survey in an on-campus history of physics course ͑N =20͒, and a study abroad history of physics course ͑N =10͒. "↑" indicates "more expertlike," "↓" indicates "less expertlike," compared to the intro course; one asterisk denotes statistical significance at the p Ͻ 0.1 level, two asterisks at the p Ͻ 0.01 level. • The statement "'Understanding physics basically means being able to recall something you've read or been shown" was rated significantly more favorably in both the study abroad and the on-campus section. All three significant improvements in the on-campus class occurred in the "coherence" cluster of the survey. This cluster explores the belief that physics is supposed to be a coherent whole rather than a collection of unconnected factoids. Favorable answers also reflect a belief that physics needs to be understood by reflection rather than learned by rotepremedical students are often prone to focus on the latter. 26 Though not statistically significant, most other trends are also toward a more expertlike view, with the remarkable exceptions of "Knowledge in physics consists of many pieces of information each of which applies primarily to a specific situation;" here, the emphasize on the irreconcilability of general relativity and quantum mechanics ͑two theories started by the same person͒ might have played a role. The study abroad course also ͑nonsignificantly͒ rated the statement "Only very few specially qualified people are capable of really understanding physics" lower. In our course, through tours ͑for the study abroad course͒ and through slide shows ͑for the on-campus course͒ we made it clear that our protagonists lived in a very different environment than today's students.
While these outcomes are generally encouraging, as with all of these surveys, a good initial question to ask is: Do the students truly state what they believe, or do they just state what they believe their instructor wants to hear? On the last day of the on-campus course, we actually discussed the survey responses in class. We had the students discuss how Einstein might have answered these questions, but also, how Darwin might have answered. When confronted with their personal responses and pressed to explain why in our introductory physics courses students ͑including some students who took introductory physics and our course in parallel͒ do not appear to act in a way compatible with their MPEX results, it turned out that the issue is more complex than the initial question. The students explained that, in fact, their answers reflect their beliefs, but that they choose to act differently in their introductory courses. After all, they are "not at all interested in physics," and they know that they can get by mostly with memorization and cramming before exams, plug-and-chug on the homework, guessing on clicker questions, and solving crossword puzzles in class ͑cf. Ref. 27͒. For the students ͑mostly life sciences and premeds͒, the physics course is just one course among many, and students act according to what they believe is most efficient for them and accept that it is quite different from what they know about "good" epistemology-a classic case of the discrepancy between personal and public epistemology. 28 At least we can make the case that with our course we improved the students' public epistemology.
B. Class discussion and work
Usually, students in history of physics courses avoid discussion of the development of physics to focus exclusively on personalities and amusing anecdotes. We hear: "I hate physics," or "physics is too hard," or "physics is boring." If pushed to talk about physics problem solving, students ͑at best͒ explain that physicists work with equations and/or look at experimental results and discoveries just pop out. It is common for students ͑even physics majors͒ to think that doing physics is like taking an undergraduate physics course: That it involves using a bit of mathematics, a lot of memorization, and a certain amount of savvy in guessing the one and only correct answer. Frequently, nonmajor students ͑par-ticularly premeds͒ have no sense that physics involves creativity or intuition and are resistant to being told that it does. 8, 26 Our experience in this class was in stark contrast to this usual experience. Part of the difference was that students addressed topics that simply were not usually addressed in other courses. In the process, they also addressed epistemological issues ͑sometimes of their own volition͒ that students usually ignore or resist. In class discussions, students on their own brought up how the various pioneers in relativity and quantum mechanics thought about physics and compared their strategies for solving physics problems. When pushed by the instructors, they even considered the role of physics intuition in problem solving. When asked, they excitedly remarked on the difference between this problem solving in physics and "thinking" in biology, which had to do with noting details through observation. It was particularly striking in these conversations that students drew on their own experiences in taking biology and physics courses and observing biology and physics instructors.
When given an open-ended essay assignment to compare Einstein with the other physicists, about half of the students chose to address the differences in problem-solving strategies. About half of these did an impressively sophisticated analysis of the topic, for example: Noting that Einstein's approach was the "yin" to Bohr's "yang;" that Einstein started with visualization and used mathematics while, for example, Max Born started with mathematics and accommodated the visualization later; that Einstein's use of thought experiences was singular and that he "stubbornly" stuck to the insights gained from this method and postulates in spite of apparent conflict with "common sense," which other physicists attempted to adhere to.
VII. TRANSFER TO A STANDARD MODERN PHYSICS COURSE
It is rare to have the opportunity to teach a course dedicated to the history of modern physics to science students. However, most schools offer semester-long courses on Modern Physics, which usually cover relativity, quantum mechanics, some nuclear, and high energy physics. Some schools also add thermodynamics "left over" from the previous year. We discussed with some Physics Department colleagues how components of our course could be incorporated into this course in their department to enhance physics instruction. Class discussions were not an option because about 80 students would be enrolled, but the instructors were interested in investing about 10% of the class time to the topic of the history of physics along the lines of our course. They decided to provide a course pack with some of the original papers ͑or translations͒, as well as overview articles, including, for example: The translations of the highly accessible 1905 photoelectric effect paper 10 and of the "mechanics" part of the 1905 relativity paper 11 ͑both translations from Ref. 24͒ the less-than-accessible and somewhat ill-written EPR paper on entanglement 29 ͑as well as the today more commonly cited spin version of the idea presented by Bohm and Aharonov 30 ͒, a chapter on the "Copenhagen spirit" from a book on the Niels Bohr Institute, 31 and several chapters from Gamow. 25 They also came up with various ways of testing the students on the knowledge gained from studying history of science alongside physics: The last question on midterm exams will be a one-paragraph essay, allowing the students to choose between three different historical topics related to the physics materials covered ͑e.g., "What does Schrödinger's Cat have to do with EPR?," "Why is the Copenhagen Model of Quantum Mechanics incompatible with one of the foundations of Special Relativity?"͒. As part of the final exam, students will be required to present a poster that blends understanding of physics and its history based on topics suggested by the instructor ͑e.g., on the physics essay topics given in Sec. III C͒. Alternatives to the subjectively graded one-paragraph essays and the poster may be automatically graded multiple-choice questions ͑for example, on the significance of some of the thought or "real" experiments͒, or concept maps, which can be graded on a link-by-link base by teaching assistants ͑see Fig. 4 as an example͒.
VIII. CONCLUSION
We successfully conducted a history of science course on the quantum and relativity revolutions in the early part of the 20th century, both in an on-campus and a study abroad setting, cotaught by a physicist and a historian of physics. We described the courses in the hope that they might be implemented elsewhere and presented some evidence that such courses can change students' beliefs and expectations about physics toward a more expertlike view.
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and teaching," Edu. Psychol. Rev. 13, 353-383 ͑2001͒. On an actual exam, more space needs to be left between the boxes for students to fill in links. Concept maps like these can be graded by teaching assistants if a proper key is provided.
